ABSTRACT The equilibrium partition coefficient (K) and diffusion coefficient (Dge) of two proteins and two linear polymers were measured as a function of polymer content of a 2.7% cross-linked polyacrylamide (PA) gel. The gel concentration, expressed as a volume percentage of PA in the gel ()), varied between 0 and 14%. The measurements were made by fluorescence spectroscopy; fluorescent dyes were covalently attached to the macromolecules. The dependence of K on for the proteins agrees with a model of the gel network as randomly placed, impenetrable rods. The diffusion data are interpreted in terms of an effective medium theory for the mobility of a sphere in a Brinkman fluid. Using values of the Brinkman parameter in the literature, the effective medium model with no adjustable parameters fits the diffusion data for the proteins very well but underpredicts D9eg for the linear polymers. The gel effect on partitioning is significantly greater than that on diffusion. The permeability (KD9eI) of bovine serum albumin decreased by 103 over the range 0-8%, and the ratio of permeabilities for ribonuclease compared to BSA increased from 2 to 30.
INTRODUCTION
Gels are attractive as separation devices because of their ability to essentially eliminate convective mixing and their selectivity for molecules based on size, charge, or chemical affinity. Gels are space-filling at low-volume fractions of the network material (e.g., cross-linked polymer). The high osmotic compressibility of charged hydrogels can be used to extract solutes on the basis of size and charge (Gehrke et al., 1986; Gehrke and Cussler, 1989; Vasheghani-Farahani et al., 1992) . Recent commercial developments include rigid porous chromatographic particles with tailored gels fixed inside the pores to selectively remove proteins from solution (Boschetti, 1994; Boschetti et al., 1995) . Gel matrices are also important components of tissue (Chary and Jain, 1989; Luby-Phelps et al., 1987) in that they control the traffic of macromolecular solutes between vascularized spaces. To design gels for particular biological separations or to properly model in vivo transport of solutes in tissue, the partitioning and diffusion of macromolecules in gels must be understood in terms of the physical properties of the gel and macromolecules.
The partition coefficient of a solute molecule (K) is defined as the equilibrium ratio of concentration in the gel (based on total gel volume) compared to the solution concentration: where C is expressed as solute mass per volume of the designated phase (solution or gel). In the absence of attractive interactions between the solute and gel network, K is less than 1 because the volume occupied by the network excludes the solute based on the solute's size. This excluded-volume effect depends on the volume fraction of the polymer forming the network ()), the radius of the chains of the polymer, and the size and shape of the solute molecule. Ogston (1958) developed a model for the probability of placing rigid spheres of radius a in a matrix composed of long cylindrical fibers of radius af. His result can be expressed in the form K= exp[ -(1 +-)2]- (2) Important assumptions in this model are 1) the solute/ fiber interaction is purely hard-sphere in nature, 2) the fibers are infinitely long and were placed randomly in the matrix, and 3) the solute concentration is very low, so that solute-solute interactions are negligible in both phases. Fanti and Glandt (1990a,b) extended the theory to include effects of solute-solute interactions at higher concentrations in cases where a > af and showed that K increases substantially when the volume fraction of the solute in solution exceeds about 2%. Fawcett and Morris (1966) and Morris and Morris (1971) obtained values of K for globular proteins in cross-linked polyacrylamide-gel particles based on their data from size exclusion chromatography. They used the form of Eq. 2, which was originally proposed by Ogston (1958) , to interpret their data. This form uses L = length of fiber per volume of gel instead of polymer volume fraction 4; this parameter is related to the volume fraction of the fibrous matrix and the fiber radius by wa = 2a7L. The Stokes-Einstein radius (as) of each protein was used for the effective radius a: kT as= 6 soin (3)
Fawcett and Morris let both L and af be adjustable parameters for a given gel; however, they did not report values of 4 from which one could check the best-fit value of L. At a given cross-link density (CL), L was proportional to the total mass of polymer used per volume of reaction, which is expected. An unexpected result was that L depended on CL at a given mass of polymer and showed a maximum value at 3% cross-link. The best-fit values of af were relatively independent of the total mass of polymer in the gel as expected, but af increased from 5.3 to 10.2 A for an increase of CL from 1% to 5%. The variation in af might have been due to bundling of polyacrylamide (PA) chains or heterogeneities in the gel microstructure caused by the crosslinking.
The hydrodynamic effects of fixed obstacles on the mobility of hard spheres has been calculated for well-defined geometric arrangements of the obstacles (e.g., Howells, 1974; Phillips et al., 1989 Phillips et al., , 1990 . Effective-medium models for gels and other porous media represent the hydrodynamic effects of the obstacles by one material parameter of the fluid, for example, the Darcy permeability (K-2), which appears in the Brinkman model. The excess hydrodynamic drag due to the network depends on two parameters: the hydrodynamic screening length K-1 and the size of the diffusing molecule (a = radius). The friction coefficient of a sphere translating through a Brinkman fluid at low Reynolds was first derived by Brinkman (1947) . Using the Einstein equation, which relates the diffusion and friction coefficients, Brinkman Phillips et al., 1989) or calculated from the Darcy permeability, which is a measurable property of the gel. Note that the Brinkman model does not account for several factors of potential importance: Brownian motion of the gel network itself (Sellen, 1987; Park et al., 1990) , near-field hydrodynamic effects of the polymer network on the diffusing solute (i.e., a breakdown of the effective medium approximation on a length scale of af), and the obstacle effect of the polymer network, which requires the solute to diffuse around the polymer chains. Nevertheless, Eq. 4 has had some success in correlating data for the diffusion of proteins in entangled polymer solutions (Phillips et Johnson et al. (1995a) proposed a modified Brinkman model to include the obstacle (tortuosity) effect of the gel on the diffusing solute:
The numerator is an empirical fit of the Brownian dynamics simulations performed by Johansson and Lofroth (1993) for values of (D < 3. The numerator of Eq. 5 accounts for the tortuous path facing a solute molecule diffusing through the network of obstacles forming the gel.
In this paper we report experimental results for the partition and diffusion coefficients of two globular proteins and a linear polymer of two molecular weights in PA gels. The cross-link density was fixed at 2.7%. PA gels are neutral and generally do not bind to macromolecules that are soluble in water. They are thought to be networks of single polymer chains held together by chemical cross-links. There is an extensive literature on the chemical synthesis (Fawcett and Morris, 1966; Chrambach and Rodbard, 1972) , physical properties (Janas et al., 1980; Tanaka, 1981; Hsu and Cohen, 1984; Hecht et al., 1985; Sellen, 1987; Baselga et al., 1987; Geissler et al., 1988) , and phase transitions (Dusek, 1993) of PA gels. Light scattering measurements (Patterson, 1987; Sellen, 1987; Park et al., 1990) Tong (1995) . A summary is presented below.
Gels
The gels were made by copolymerizing acrylamide and N,N'-methylene-bisacrylamide in deionized and filtered water. The cross-link density, which is defined as the ratio of af the mass of cross-linker (bisacrylamide) to the mass of monomer (acrylamide), was 2.7% for all the experiments. The initiator was ammonium persulfate and the promoter was tetramethyl ethylene diamine. The polymerization reaction proceeds by a free-radical mechanism at room temperature (-25°C). The reaction reaches 90% completion of the monomer and cross-linker within 60 min and is essentially complete after 3 h (Righetti et al., 1981; Tobita and Hamielec, 1990 ). An important step in the procedure is to rid the system of oxygen. All reactants were purchased from BioRad Laboratories (electrophoresis grade; Hercules, CA).
After mixing the reactants, the mixture was placed between two glass plates spaced 0.76 mm apart. The polymerization occurred for more than 3 h at room temperature and the resulting gel "slab," confined between the glass plates, was stored in a sealed bag with 0.02% (by weight) sodium azide aqueous solution at 7°C. To perform an experiment, a square piece of the gel was cut from the slab and soaked in a borate buffer (pH -10) for 1 h before being placed in the solution of dye-labeled macromolecules at room temperature for a time Teq sufficient to reach equilibrium. Treq was calculated from the solution to Fick's second law for diffusion into a planar film using estimated values of the partition and diffusion coefficients. Tests were done to ensure that Teq was sufficient to achieve equilibrium partitioning. The equilibrated gel was then placed between two Pyrex disks spaced by a Viton gasket 0.76 mm thick. The piece of gel occupied only part of the volume defined by the gasket; solution in equilibrium with the gel occupied the remainder of the space, thus providing us a way to achieve an in situ calibration of the fluorescence from the dye-labeled macromolecules in solution. The disks were clamped together to contain the gel when it was mounted into a lens holder and placed in the optical train for the fluorescence experiments.
The volume fraction of polyacrylamide plus cross-linker in the gel was determined by first weighing a piece of the hydrated gel and then evaporating the water and weighing the residue. Letting mw, mb, and mp be the mass of the water, buffer, and polymer (PA), respectively, then lnpvp + (mW + mb)Vwb (6) The partial specific volume (vp) of PA in water is 0.70 cm3/g (Munk et al., 1980) , and vwb is 1.01 cm3/g, as determined experimentally. The masses mw and mp + mb were determined by weighing the hydrated and dehydrated gel, and mbmw was known from the make-up of the electrolyte solution.
A buffer (0.0125 M sodium borate, 0.018 M NaOH) was used to control the pH at 10. Fluorescence increases with pH but levels off at about pH 9. The emission of fluorescence was determined to be nearly the same at pH 9.2 and pH 10. (Tong, 1995) . qCreeth (1958) .
lInterpolated values from Rempp (1957) and Elias (1961) .
Macromolecules
Four macromolecules were studied: two globular proteins, bovine serum albumin (BSA) and ribonuclease-A (RNase); and two different molecular weights of a linear polymer, poly-(ethylene glycol) (PEG). The properties of these solutes are summarized in Table 1 . The RNase (R-5000; Sigma Chemical Co., St. Louis, MO) was dialyzed against a phosphate buffer (pH 6.5) for 2 h to remove impurities and then heated to 60°C for 10 min to dissociate aggregates (Tilton, 1991) . The sample was then dialyzed for 2 h against a 0.1 M sodium borate buffer (pH 9.2). The BSA (A-75 11; Sigma Chemical Co.) was used as received and dissolved in the same borate buffer. The proteins were labeled with the fluorescent dye fluorescein-5-isothiocyanate (FITC, Isomer I; Molecular Probes, Eugene, OR) (Lok et al., 1983) . The molar ratio of dye to protein was about 1 for both proteins. The dye-labeled protein was separated from free (unreacted) dye by size exclusion chromatography (BioGel P-6; BioRad Laboratories, Hercules, CA). The final labeling ratios (average number of FITC molecules bound per protein molecule) were typically 0.80-0.95 for BSA and 0.60-0.80 for RNase.
The PEG polymer standards were used as received. The 5000 MW fraction was obtained from Pressure Chemical Co. (Pittsburgh, PA) and the 12,600 MW fraction was obtained from Polymer Laboratories (Amherst, MA). The polymers were labeled with 5-([4,6-dichlorotriazin-2-yl]amino)-fluorescein (DTAF, D-053 1; Sigma Chemical Co.). The unreacted DTAF was separated from the labeled polymer by chloroform extraction and ion-exchange chromatography (Johansson et al., 1983) . The final labeling ratio was less than 1.
Measurement of partition coefficient
The partition coefficient (see Eq. 1) was determined by measuring the concentration of the dye-labeled macromolecule in solution (Csoln) and in the gel (CSel) after equiliTong and Anderson bration. Concentrations were determined from the measured fluorescence intensities and appropriate calibrations. Fig. 1 shows the configuration of the gel in the sample holder (between the glass disks). The fluorescence intensity is denoted by F, with the subscript indicating the path of the laser beam as depicted in the figure. Fg is the fluorescence signal from labeled protein within the gel, and FS is the fluorescence from the solution over the same path length as the gel thickness.
Because the concentration of labeled protein is proportional to the fluorescence signal (Tong, 1995) , the partition coefficient is given by Fg Fg+SI -F,, equilibration time for macromolecule transport between the gel and solution. There are two potential sources of error due to "probe effects." First, the fluorescence emission spectrum of the dye might be affected by the PA gel; and second, the dye attached to the macromolecule might adsorb or bind to the polymer network of the gel and thus bias K. We experimentally tested for both of these potential effects and found them to be absent (Tong, 1995) .
Diffusion experiments
After measuring the fluorescence values Fg+bl and Fb+bl, the diffusion coefficient of the macromolecule within the gel was measured using fluorescence recovery after photobleaching (FRAP). We used the technique known as "spot" FRAP (Axelrod et al., 1976; Simon et al., 1988) . A laser beam (A = 488 nm) was focused as a circular region of characteristic radius w onto the gel. An optical cut-off filter (A = 515 nm) was used to select the appropriate wavelength for the maximum fluorescence emission (520 nm) from the dye. Because the gel was thin (<1 mm) and transparent, the spot radius was constant throughout the thickness of the gel. The experiment was started by amplifying the intensity of the incident beam by several orders of magnitude for a short time (typically 0.1 s) and then cutting back the power to the normal monitoring level. The short pulse of high-intensity radiation "bleached" some of the fluorescent dye molecules (typically 20-30%) so they became inactive with respect to a fluorescent signal. Because these dye molecules were bound to mobile macromolecules that continually diffuse within the gel, the fluorescence signal from the illuminated spot recovered with time. By tracking this recovery and modeling it as a diffusion process, we determined the selfdiffusion coefficient D for the macromolecule.
The modeling of FRAP has two parts (Axelrod et al., 1976) . First, the photobleaching step is assumed to be a first-order reaction (with respect to the labeled solute concentration). Account must be taken of the gaussian nature of the intensity (1) of the beam: I(r) = 2P(-2r2) (9) where r is the radial distance from the center of the beam, P0 is the total power of the laser beam, and w is the beam radius. The second part is to model the recovery by Fick's second law of diffusion: expression is obtained by solving Eq. 10 and substituting the result and Eq. 9 into Eq. 11 (Axelrod et al., 1976) :
(1 -exp(-Kb)) Kb where Fi is the measured value of F before the photobleaching step and F(O+) is the fluorescence signal immediately after the photobleaching step. The diffusion time is related to the beam radius and diffusion coefficient by 
The two unknown parameters, tD and Kb, can be determined by fitting Eq. 12 to the data F versus t. This approach assumes total recovery of the fluorescence signal after long
times (F -> Fjas t -> o).
Over the time scale of the experiment (on the order of minutes), it was often not possible to get a good fit of the data to Eq. 12 because not all of the macromolecules appeared to be mobile. To improve the fit, we assumed that only a fraction fm of the labeled macromolecules were "mobile" and the fraction (1 -fm) did not diffuse. The mobile and immobile fractions were assumed to have equal probability of being bleached. The mobile fraction is related to the measured fluorescence before and immediately after photobleaching and at "infinite" time (t >> tD) after recovery by the following expression:
diffusion coefficient for the macromolecule is obtained from the best-fit value of tD and Eq. 13. Simulations using parameter values appropriate for our experiments indicate that truncating the series of Eq. 15 after n = 8 describes the curve F(t) to within 1% of the characteristic time tD for a Monte Carlo simulation with 2% random fluctuations in the simulated data (Tong, 1995) .
Equation 13 implies that it is important to know the beam radius w. The value of w was determined by a beamblocking technique (Khosrofian and Garetz, 1983) ; using this technique we verified that the laser beam was gaussian (Tong, 1995 (Fawcett and Morris, 1966; Morris and Morris, 1971; Sellen, 1987) . The results for the linear polymers are plotted in Fig. 3 . The lines drawn through the data are best fits to Eq. 3, assuming af = 6.5 A. The best-fit values of a are a=23A for PEG5K a=37A for PEG 12.6K. Table   1 ) is 1.2 for both polymers. Theories based on mean projected half-length of the molecule (Casassa, 1976) suggest that for a random-flight linear polymer chain near a flat wall, the equivalent partitioning radius is (2/V7r)rg, where rg is the radius of gyration of the polymer, which generally is larger than as. A model for the exclusion of linear polymer chains near cylindrical fibers is not available. To test the Brinkman-based models (Eqs. 4 and 5) against our diffusion data, we require the hydrodynamic parameter K as a function of gel volume fraction. Tokita (1993) measured the Darcy permeability (K-2) of 2.2% cross-linked PA gels. Transcribing the permeability data from the figures in his paper, we obtained the following empirical correlation: K 2 = 2.64 X 10-164i-1-42, (18) where (pi is the volume fraction determined from the initial monomer plus cross-linker concentration (g/ml) before polymerization. Tokita (1993) claimed that the gel volume was kept constant in the apparatus during the permeability (pressure drop-flowrate) measurements, so that the gel was prevented from swelling (4 = 4). By comparing Eq. 18 with the semi-empirical relation derived by Jackson and James (1986) we find af = 5.5 A, which is comparable to the value (6.5 A) obtained from the partitioning data.
The Brinkman-based models, using Eq. 18 for K, are compared with the diffusion data for the two proteins in Fig.  4 , a and b. Eq. 4 (solid lines) shows good agreement with the data, without the use of any adjustable parameters. The broken lines in the figures are calculations from Eq. 5 with af = 6.5 A. This equation has a correction for the obstacle effect, that is, the solutes must diffuse around the polymer fibers. Clearly, inclusion of the steric correction (broken curve) destroys the agreement between theory and experiment. One explanation is that the Brownian motion of the polymer chains of the gel network couples with the solute diffusion, thereby mitigating the steric effect, which was derived based on a static configuration of network fibers (Johansson and Lofroth, 1993 ).
The Brinkman model, Eq. 4, is compared with the diffusion data for the linear polymers in Fig. 5 . The agreement is not particularly good; the theory underpredicts the diffusion coefficient in the gel. There is only a weak effect of molecular weight on the hindered diffusion ratio of the PEGs. Haggerty et al. (1988) likewise reported an insensitivity of the hindered diffusion ratio to the molecular weight of linear polymers.
Solute permeability versus PA volume fraction
The solute permeability of a gel is proportional to the product of K times Dgel. A plot of this product against gel volume fraction is made in Fig. 6 (Kim and Anderson, 1991) . Fig. 6 is a clear illustration of the improved molecular selectivity that is possible with gels.
Fractional recovery in the diffusion experiments Over the time scales of our FRAP experiments (on the order of 100-4000 s), there appeared to be incomplete recoveries of the fluorescence intensity from the bleached spot in some of the gels. The factor fm was introduced (see Eq. 15) to 10-7 K Dge1 (cm2/s) 10 allow for partial recovery. The question is: What is the physical meaning of partial recovery? Is it due to binding of dye-labeled macrosolutes to the gel? Or is it the result of a breakdown of Fick's law of diffusion on short time scales due to inhomogeneities in the gel (Nagle, 1992) ?
The experimental values offm are plotted in Fig. 7 . To see if incomplete recovery was due to irreversible binding of the dye-labeled solutes to the gel, we immersed pieces of gel that had been equilibrated with FITC-BSA in a BSA-free solution and measured how much protein was extracted after several days. In all cases, including the gels for which fm was the smallest, there was complete recovery of the protein. This means that the fractional recoveries were not due to irreversible binding of the protein to the PA. An indication that fractional recoveries are the result of heterogeneities in the gel, resulting in partial trapping of proteins over short time scales, is that fm is lower for BSA than for RNase; this is expected because BSA is significantly larger than RNase. This hypothesis is further supported by the trend offm decreasing with increasing 4. A more quantitative study of fm versus macrosolute size might provide insight into the microscopic heterogeneities of polymeric gels.
Another indication that these gels are nonuniform on a local scale (-100 ,um) is the fact that the standard deviation of K and Dgel/DSoln for measurements on different areas of the same piece of a gel of higher volume fractions was typically 10% of the mean. This standard deviation is well outside the error estimates made from instrumentation alone (Tong, 1995) . There were comparable variations between different pieces of the same gel. It is not even certain that two gels made in an identical fashion would produce exactly the same properties, for example, gel volume fraction 4. The reactivity of the cross-linking agent vis-a-vis the monomer chain addition could also play a large role in determining the final structure of the gel. 
SUMMARY
Ogston's excluded volume model (Eq. 2) fits the partitioning data over the range in gel volume fraction of 0 -* 0.14 for globular proteins and linear polymers in neutral PA gels. Our estimate of equivalent chain radius, af = 6.5 A, is in reasonable agreement with other researchers. The StokesEinstein radius (as) is taken for the size of the two proteins, whereas a = 1.2 as for the two linear polymers. The effect of the gel on the diffusion coefficient is semiquantitatively described by the hydrodynamic theory based on treating the gel as a Brinkman fluid. Equations 4 and 18 with no adjustable parameters are in good agreement with the protein data; however, the model underpredicts the diffusion data of the linear polymers. An unexplained result is that
Dg"I/D ,In is about the same for two samples of PEG, although their molecular weights differ by a factor of 2.5. The solute permeability (KDgel) of 2.7% cross-linked PA gels depends strongly on the gel volume fraction and macrosolute size. Fig. 6 demonstrates that enhanced selectivity based on molecular size is possible with neutral gels such as polyacrylamide. The enhanced selectivity is due primarily to the partitioning effect of the gel based on excluded volume. Biological transport processes and separations that depend on both the macromolecule partitioning into a gel and diffusing through the gel should demonstrate this selectivity.
The fact that not all of the fluorescence signal was recovered over the time scale of our diffusion experiments (Texpt), even though there was total recovery of the protein from the gels over times of order 100TeXPt, implies that the diffusive processes were not completely Fickian, a possibility raised by Nagle (1992) . Heterogeneities in local gel volume fraction over length scales of order (J5expt)l 1/2 150 ,um could explain both observations. Such heterogeneities could trap some macrosolutes in regions of this size for times of order Texpt, but the escape of macrosolutes from these traps by Brownian motion would be possible over time scales that are orders of magnitude greater than Texpt. Because the length scale of diffusion (w) and thus the time of recovery can be varied with FRAP, it might be possible to probe microscopic heterogeneities in the gel structure with this technique.
